We have tested the effect of metabolic inhibitors, membrane cholesterol depletion, and detergent extraction of cell surface molecules on the susceptibility of MA104 cells to infection by rotaviruses. Treatment of cells with tunicamycin, an inhibitor of protein N glycosylation, blocked the infectivity of the SA-dependent rotavirus RRV and its SA-independent variant nar3 by about 50%, while the inhibition of O glycosylation had no effect. The inhibitor of glycolipid biosynthesis d,l-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) blocked the infectivity of RRV, nar3, and the human rotavirus strain Wa by about 70%. Sequestration of cholesterol from the cell membrane with ␤-cyclodextrin reduced the infectivity of the three viruses by more than 90%. The involvement of N-glycoproteins, glycolipids, and cholesterol in rotavirus infection suggests that the virus receptor(s) might be forming part of lipid microdomains in the cell membrane. MA104 cells incubated with the nonionic detergent octyl-␤-glucoside (OG) showed a ca. 60% reduction in their ability to bind rotaviruses, the same degree to which they became refractory to infection, suggesting that OG extracts the potential virus receptor(s) from the cell surface. Accordingly, when preincubated with the viruses, the OG extract inhibited the virus infectivity by more than 95%. This inhibition was abolished when the extract was treated with either proteases or heat but not when it was treated with neuraminidase, indicating the protein nature of the inhibitor. Two protein fractions of around 57 and 75 kDa were isolated from the extract, and these fractions were shown to have rotavirus-blocking activity. Also, antibodies to these fractions efficiently inhibited the infectivity of the viruses in untreated as well as in neuraminidase-treated cells. Five individual protein bands of 30, 45, 57, 75, and 110 kDa, which exhibited virus-blocking activity, were finally isolated from the OG extract. These proteins are good candidates to function as rotavirus receptors.
Rotaviruses, the leading cause of severe dehydrating diarrhea in infants and young children worldwide, are nonenveloped viruses that possess a genome of 11 segments of doublestranded RNA contained in a triple-layered protein capsid. The outermost layer is composed of two proteins, VP4 and VP7. VP4 forms spikes that extend from the surface of the virus and has been associated with a variety of functions, including the initial attachment of the virus to the cell membrane and the penetration of the cell by the virion (14) .
Rotaviruses have a very specific cell tropism, infecting only enterocytes on the tips of intestinal villi (26) , which suggests that specific host receptors must exist. In vitro, they also display a strict tropism, binding to a variety of cell lines but infecting efficiently only those of renal or intestinal epithelium origin (15) . Despite the advances in the molecular and structural biology of the virus, little is known about the rotavirus cell receptors. Some animal rotavirus strains interact with sialic acid (SA) on the cell surface, and this interaction is a requirement for the efficient attachment and infection of the virus to susceptible cells (9, 17, 27, 34, 39, 57) . Accordingly, a number of glycoconjugates bind to and block the infectivity of animal rotaviruses in vitro and in vivo (3, 4, 6, 17, 32, 46, 52-54, 56, 57) . Some of these glycoconjugates may play a role as possible receptors, like GM3 gangliosides in newborn piglet intestine (47) , GM1 in LLC-MK2 cells (52) , and 300-to 330-kDa glycoproteins in murine enterocytes (3) . More recently, it has also been suggested that ␣2␤1, ␣x␤2, and ␣4␤1 integrins may be involved in rotavirus cell entry (11, 24) .
The binding of animal rotaviruses RRV and SA11 to an SA-containing cell receptor is nonessential since variants whose infectivity is no longer dependent on the binding to these acid sugars have been isolated (35, 39) . The secondary importance of SA as an attachment site for rotaviruses, at least under laboratory conditions of infection, is also reflected by the fact that the infectivity of most, if not all, human rotavirus (HRV) strains is not affected by neuraminidase treatment of cells (9, 17, 19, 41) . Recently, through competition infection assays using the SA-dependent RRV, its SA-independent variant nar3, and the naturally neuraminidase-resistant HRV strain Wa, the existence of at least three cell surface sites involved in the interaction of rotaviruses with MA104 cells during the early steps of infection was determined (41) .
In this study we used two approaches to characterize the cell surface structures that could serve as rotavirus receptors. In the first approach, MA104 cells were treated with metabolic inhibitors of glycosylation as well as of glycolipid synthesis to determine the effects on the infectivity of rotaviruses RRV, nar3, and Wa. In the second approach, the putative receptors for rotaviruses were extracted with the nonionic detergent octyl-␤-glucoside (OG) under noncytolytic conditions. The molecules present in the extract, which were shown to inhibit rotavirus infectivity when incubated with the viruses in solution, were biochemically characterized and partially purified.
MATERIALS AND METHODS

Cells and viruses.
The human rotavirus strain Wa and the rhesus strain RRV were obtained from Harry B. Greenberg, Stanford University, Stanford, Calif. The SA-independent rotavirus RRV variant nar3 has been previously described (39, 40) . All rotavirus strains were propagated in MA104 cells as described previously (13) . The rhesus monkey epithelial cell line MA104 was grown in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and was used for all experiments carried out in this work. BHK-21, CHO, and L929 cells were grown in MEM containing 10% FBS. Reovirus type 1 and poliovirus type 3, Leon strain, were kindly provided by C. Ramos (CISEI, National Institute of Public Health, Cuernavaca, Mexico) and R. M. del Angel (CINVESTAV-IPN, Mexico City, Mexico).
Infectivity assay. MA104 cells in 96-well plates were washed twice with phosphate-buffered saline (PBS) and then about 1,000 focus-forming units (FFUs) of a trypsin-activated cell lysate containing rotaviruses RRV, nar3, Wa, or control viruses, reovirus and poliovirus, was adsorbed to the cells for 45 min at 4°C. After the adsorption period, the virus inoculum was removed, the cells were washed once with PBS, MEM was added, and the infection was left to proceed for 14 h at 37°C. The infected cells were detected by an immunoperoxidase focus detection assay, using as the detecting antibody a rabbit polyclonal hyperimmune serum to porcine rotavirus YM, as described previously (33) . The FFUs were counted with the help of a Visiolab 1000 station (Biocom). This station, which was used for both image acquisition and analysis, is configured with a Matrox Meteor RGB frame grabber and a 8295 Cohu RGB CCD color TV camera. Motorized stages (Marzhauser) were adapted to an inverted Nikon Diaphot 300 microscope. The stage control unit was a Marzhauser Multicontrol MC2000, piloted by Explo (Biocom). Macro command files for Explo were developed to perform a semiautomated counting of the infected cells. In this manner, an accurate positioning in the center of each well was achieved automatically for later predefined scanning and visual counting of infected cells within a selected well area.
Treatment of MA104 cells with metabolic inhibitors. Monolayers of MA104 cells in 96-well plates were grown to confluence; either 2 g of tunicamycin (Boehringer) per ml or 2 mM benzyl N-acetyl-␣-D-galactosamide (benzylGal NAc) (Oxford Glyco Systems) in MEM was added, and the cells were further incubated for either 24 h (tunicamycin) or 3 days (benzylGalNAc). To inhibit the synthesis of glycolipids, 60% confluent MA104 cells were treated with 25 M d,l-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) (Matreya, Inc.) in MEM-10% FBS for 3 days, replacing the medium with fresh drug daily. After treatment with the respective drug, the cells were washed twice with PBS and then infected with rotaviruses, reovirus, or poliovirus, as described above. To determine the reconstitution of the susceptibility of the cells to virus infection after drug treatment, the cells were washed twice with PBS at time zero, MEM was added, and the cell monolayers were kept at 37°C. At the indicated times, the cells were washed once with PBS and infected as described above. Cell viability was determined by exclusion of trypan blue (22) .
The effect of tunicamycin and benzylGalNAc on the cellular synthesis of Nand O-glycans, respectively, was evaluated by detection of sugars on immunoblots, using a digoxigenin glycan detection kit (Boehringer Mannheim; no. 1500-783). Under the treatment conditions described above, glycoconjugates were reduced by about 50% in both tunicamycin-and benzylGalNAc-treated cells compared to untreated cells (data not shown).
Extraction and immunochemical analyses of lipids from MA104 cells. PDMPtreated or untreated MA104 cells were harvested by centrifugation and washed twice with PBS. Total lipids were extracted essentially as described by Guo et al. (19) . Thin-layer chromatography was carried out in a solvent system of chloroform-methanol-water (5:4:1) containing 12 mM MgCl 2 . The plastic plate was dried for 2 h at 37°C and then soaked by capillarity in n-hexane containing 10% poly(isobutyl methacrylate) (Aldrich). The glycolipids were then detected immunochemically on the thin-layer chromatograms, as reported previously (30) , employing the same carbohydrate detection kit described above. After treatment of MA104 cells with PDMP, as described above, the content of mono-and disialogangliosides was about 30 to 40% of that found in untreated cells (data not shown).
Cholesterol depletion of MA104 cell monolayers. Confluent MA104 cell monolayers in 96-well plates were washed twice with PBS and then incubated with 10 mM methyl-␤-cyclodextrin (Aldrich) in PBS for 1 h at 37°C with occasional shaking. After this time the cells were washed twice with PBS and infected as described above.
To replenish the cells with cholesterol after methyl-␤-cyclodextrin treatment, the drug was removed and the cells in 96-well plates were washed twice with PBS and then underwent essentially the same treatment as that described by Falconer et al. (16) . Briefly, 200 l of MEM-7%FBS with or without 0.1 mM cholesterol (5-cholesten-3␤-ol-3␤-hydroxy-5-cholestene) (Sigma), which was freshly made in 100% ethanol, was added per well and left for the indicated periods. At the end of the incubation time the cells were washed twice with MEM and infected as described above.
To determine the cholesterol content of untreated or cyclodextrin-treated MA104 cells, the cells in suspension were pelleted, the pellet was suspended in 0.8% OG by extensive vortexing, and the suspension was cleared by centrifugation for 5 min at 2,000 ϫ g in an Eppendorf centrifuge. The cholesterol present in the supernatant or in the cyclodextrin extract of cells was assayed spectrophotometrically using the Boehringer Mannheim diagnostic kit (no. 139050). All cholesterol determinations were made in the presence of 0.2% OG.
OG treatment of MA104 cell monolayers. Confluent MA104 cell monolayers in 96-well plates were washed twice with PBS. The cells were then incubated with 0.2% OG (Pierce) in MEM for 90 min at room temperature with occasional shaking. After this time, the cells were washed twice with PBS and infected as described above. To determine the cell viability and the degree of cell membrane permeabilization that may have been caused by the detergent, we evaluated the ability of the cells to exclude the vital dye trypan blue and the level of the cytoplasmic enzyme lactate dehydrogenase in the OG extract (25) . Treatment of cells with 0.2% OG was shown to release less than 5% of the total lactate dehydrogenase activity. A 100% lysis was determined by homogenization of the cells in 0.2% OG.
Binding assay. Rotavirus binding was determined by a nonradioactive assay, essentially as described by Zárate et al. (59) . Briefly, a suspension of 5 ϫ 10 4 MA104 cells either untreated, previously treated with PDMP or tunicamycin, or extracted with OG or cyclodextrin, as described above, was incubated for 1 h at 4°C with 300 ng of trypsin-activated purified viruses in MEM-1% bovine serum albumin. The cell-virus complexes were washed three times with ice-cold PBS containing 0.5% bovine serum albumin. During the last wash, the cells were transferred to a fresh Eppendorf tube and then lysed in 50 mM Tris (pH 7.5)-150 mM NaCl-0.1% Triton X-100. The viruses present in the lysates were quantified by an enzyme-linked immunosorbent assay (59) . In all assays, a binding control with no cells was performed.
To assay the binding-blocking activity of the OG extract, 300 ng of purified virus particles was incubated with 20 g of OG-extracted proteins per ml for 90 min at 37°C. The virus-OG extract mixture was then added to MA104 cells in suspension, and the assay was performed as described above. The blocking activity of the hyperimmune sera to the 57-and 75-kDa protein fractions (see below) was assayed by preincubating the MA104 cells with a 1:5 dilution of the corresponding preimmune or hyperimmune sera for 1 h at 4°C. After the cells were washed with PBS, the viruses were added and the assay was carried out as described above.
Effect of the OG extract on rotavirus infectivity. Confluent MA104 cell monolayers in T-flasks were washed twice with PBS-0.5 mM EDTA and left to detach in this buffer for 30 min at 37°C. The cells were counted, pelleted at 85 ϫ g for 5 min at 4°C, resuspended at a concentration of 2.2 ϫ 10 7 to 2.5 ϫ 10 7 cells/ml in MEM-0.2% OG, and incubated with gentle shaking for 90 min at room temperature. After this time the cells were pelleted, and the concentration of extracted proteins in the supernatant was determined by the method of Lowry (Bio-Rad); a typical concentration was approximately 5 g of protein/10 6 cells. The inhibitory activity of this extract on the infectivity of rotaviruses was measured by incubating dilutions of the extract in MEM with the virus for 90 min at 37°C. As a control, the viruses were incubated with 0.2% OG in MEM. To test for the specificity of inhibition, reovirus and poliovirus were assayed in the same manner as were rotaviruses. The biochemical nature of the inhibitory factor present in the OG extract from untreated cells was determined by boiling (95°C) for 15 min or by incubation of the extract (50 g of protein/ml) with 2 mg of tosyl phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma) per ml for 1 h at 37°C or with 36 mU of neuraminidase per ml for 2 h at 37°C.
Preparative gel electrophoresis. The proteins extracted from about 5 ϫ 10 7 cells (in 2 ml of 0.2% OG) were adjusted with nonreducing Laemmli sample buffer to give the following final concentrations: 62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), 10% glycerol, and 0.025% bromophenol blue. These proteins were immediately loaded, without heating, in a single lane of a 3-mm-thick, 14-cm-wide preparative SDS-11% polyacrylamide gel. The gel was run at 8 mA until the bromophenol blue ran out of the gel. After electrophoresis, the gel was stained in 1% Coomassie blue R-250 in water (22) and slices about 3 mm wide were cut and minced in PBS; the proteins in the gel pieces were eluted into PBS by mild shaking for 48 h at room temperature. The eluted proteins were split into several aliquots, precipitated with 5 volumes of acetone, washed twice with 80% cold acetone, and dried for 1 min in a Savant evaporator.
To analyze the precipitated proteins, one protein aliquot was resuspended in reducing (5% ␤-mercaptoethanol) Laemmli sample buffer, boiled for 3 min, and run in an SDS-11% polyacrylamide gel. The ability of the eluted proteins to block rotavirus infectivity was tested, as described above, using a second protein aliquot resuspended in MEM with 1 mM ␤-mercaptoethanol. After the first round of gel purification, the protein fractions with inhibitory activity were run in a second preparative 7% polyacrylamide gel and all the Coomassie blue-stained bands were cut out again, eluted, and assayed for inhibitory activity. After three rounds of preparative gel electrophoresis, five protein bands, all of which blocked rotavirus infectivity, were isolated (see Fig. 8 ). In each case, after the bands had been cut out, the proteins were eluted, acetone precipitated, and resuspended in MEM-1 mM ␤-mercaptoethanol, as described above. Starting from the second preparative gel, the proteins were recovered by electroelution: the gel slices were immersed in sample buffer (2% SDS, 19.2 mM glycine, 2.5 mM Tris base) and electroeluted in an ISCO chamber for 45 min (3 W) using 0.1% SDS-192 mM glycine-25 mM Tris base as a running buffer. Preparation of polyclonal antibodies. The proteins eluted from fractions 6 (ϳ57 kDa) and 10 (ϳ75 kDa) (see Fig. 5A ), which were shown to have the maximal inhibitory activity for rotavirus infection, were used to immunize rab-bits, as described previously (22) . Briefly, New Zealand White rabbits (3 to 4 kg) were immunized subcutaneously with 500 g of protein in Freund's complete adjuvant. Two booster injections were given subcutaneously at 2-week intervals with the same amount of protein emulsified in Freund's incomplete adjuvant. The rabbits were bled after the third immunization. A sample of serum was obtained from each animal before immunization.
The ability of the sera to block rotavirus infectivity was assayed by incubating dilutions of the sera with monolayers of MA104 cells in 96-well plates for 90 min at 37°C. The cells were washed twice with PBS and then infected as described above. The preimmune sera were used as negative controls. The hyperimmune sera were tested for their ability to recognize viruses RRV, nar3, and Wa by an enzyme-linked immunosorbent assay, as described by Menchaca et al. (37) ; at the lowest dilution tested (1:100), no reactivity was found (data not shown). These antisera did not inhibit the hemagglutination of RRV and nar3 (data not shown).
Western immunoblotting. The proteins present in the 0.2% OG extract were separated in an 11% polyacrylamide gel and transferred to nitrocellulose. The transferred proteins were incubated with the sera to the 57-and 75-kDa fractions, diluted 1:1,000 in PBS. The bound antibodies were developed by incubation with protein A-peroxidase, and 3-amino-9-ethyl-carbazole (Sigma) was added as a substrate, as previously described by Arias et al. (1) .
Immunofluorescence. MA104 cells grown on glass coverslips to approximately 80% confluence were fixed with 4% paraformaldehyde in PBS for 20 min at 37°C. After this time the cells were washed twice with PBS, either permeabilized or not by incubation with PBS-0.5% Triton X-100 for 5 min at room temperature, and then washed twice with PBS with gentle swirling. The fixed cells were blocked with 1 M glycine for 1 h at 37°C, washed twice with PBS, and then incubated with a 1:1,000 (anti-57-kDa fraction) or 1:1,500 (anti-75 kDa fraction) dilution of the sera for 90 min at 37°C. The cells were washed four times with PBS and then incubated in the dark for 1 h at 4°C with a goat anti-rabbit immunoglobulin G coupled to fluorescein isothiocyanate (Dako Co.), diluted 1:100 in PBS. The cells were washed four times with PBS and mounted on glass slides on 10% glycerol in PBS. The slides were analyzed using a Bio-Rad MRC-600 microscope. The preimmune sera were used as negative controls.
RESULTS
Inhibitors of N glycosylation and glycolipid synthesis block rotavirus infection.
To assess the biochemical nature of the cellular receptor for rotaviruses, MA104 cells were treated with specific inhibitors of glycosylation prior to infection. Two inhibitors were used: tunicamycin, which blocks an early step in the N-glycosylation pathway involving transfer between UDPGlcNAc and dolichol-1-phosphate (12) , and benzylGalNAc, which is a competitive inhibitor of the transferase (N-acetyl-␣-D-galactosaminyltransferase) involved in the first step of the biosynthesis of most types of O-linked carbohydrates (5) . In addition, we used the synthetic analog of ceramide, PDMP, to inhibit the biosynthesis of the glycosphingolipid precursor glucosylceramide (45) . The cells pretreated with the inhibitors were then infected with either wild-type RRV, the neuraminidase-resistant RRV variant nar3, or the HRV strain Wa.
Treatment of cells with 2 g of tunicamycin per ml for 24 h before infection inhibited the infectivity of rotaviruses RRV and nar3 by about 50%, while preincubation of the cells for 3 days with PDMP, the inhibitor of glycolipids synthesis, blocked the infectivity of the viruses by about 80% (RRV and Wa) or 60% (nar3) ( Table 1 ). On the other hand, inhibition of O glycosylation by benzylGalNAc had no effect on the infectivity of RRV but increased the infectivity of nar3 and Wa by about 50%, indicating that under conditions where the levels of cell surface O-linked carbohydrates are decreased, these viruses infect the cell more efficiently. The total cell content of N-and O-glycoproteins was reduced by at least 50% by the corresponding inhibitory drug (data not shown). The infectivity of reovirus and poliovirus, which were used as controls, was not inhibited by any of these three drugs, with poliovirus actually showing a twofold increase in infectivity in the cells treated with tunicamycin (Table 1) , as has been reported for other viruses like human immunodeficiency virus type 2 and B-lymphotropic papovavirus (28, 43) .
Under the conditions employed, the inhibitors did not have a significant effect on cell protein synthesis, as judged by electrophoresis of 35 S-labeled proteins, or on the viability of cells, as judged by trypan blue exclusion (data not shown). To control for a possible nonspecific, toxic effect of the drugs on the replication of rotaviruses, in a separate experiment we added the inhibitors immediately after the virus had been adsorbed for 45 min at 4°C. Under these conditions the drugs did not affect rotavirus infectivity, with the exception of rotavirus Wa, whose infectivity was decreased about 50% by tunicamycin; for this reason, this inhibition was considered to be nonspecific. The effect of the inhibitors was reversible since the cells became fully susceptible to rotavirus infection by about 20 and 24 h after removing tunicamycin and PDMP, respectively (data not shown). Taken together these results suggest that glycolipids and N-glycosylated but not O-glycosylated proteins are important for rotavirus infection. To determine if the treatment of cells with tunicamycin and PDMP inhibited the attachment of the virus to the cell surface or if the inhibition of infectivity occurred at a postattachment step, we performed binding assays using cells treated with the different drugs. We found that treatment of cells with tunicamycin did not affect the binding of either of the three viruses tested while treatment of cells with PDMP did not affect the attachment of RRV and Wa but decreased the binding of nar3 by 54% (Table 2 ). This level of inhibition in the attachment of the virus to cells is very similar to the 60% inhibition in the infectivity of nar3 caused by PDMP (Table 1) , which suggests that most if not all of the blockage in the infectivity of nar3 in PDMP-treated cells is due to an inhibition of the binding of this variant to the cell surface.
Infection of octyl-␤-glucoside-extracted cells. As a different approach to characterize the rotavirus receptor, we used the nonionic detergent OG to extract the receptor from the cell membrane under noncytolytic conditions, as has been described for other virus receptors (2, 10, 23, 36, 49, 55) . MA104 a MA104 cell monolayers were incubated with the indicated concentration of inhibitor for 1 h (␤-cyclodextrin), 24 h (tunicamycin), or 72 h (PDMP and benzylGalNAc) at 37°C or for 90 min (OG) at room temperature before virus infection.
b SE, one standard error of the mean of at least three independent experiments carried out in duplicate. c The infectivity of Wa was inhibited by about 50% regardless of whether tunicamycin was added to the cells 24 h before or immediately after the virus adsorption; thus, this inhibition was considered nonspecific. cells were incubated with 0.2% OG for 90 min at room temperature; under these conditions the cells maintained their viability and integrity, as judged by trypan blue exclusion and the low levels of lactate dehydrogenase activity, a cytosolic marker detected in the OG extract (less than 5% of total enzyme activity). The cells extracted with the detergent were found to be about 60% refractory to infection by the three viruses tested (Table 1). As described above for the metabolic inhibitors, this effect was also found to be reversible; if the detergent was washed away after the treatment period, the cells fully regained their susceptibility for infection at about 8 h posttreatment (Fig. 1A) , which most probably accounts for the time of synthesis, transport, and accumulation of the receptor in the cell membrane at the levels needed for the virus to efficiently infect the cell. Of interest, the attachment of all three viruses to OG-extracted cells was inhibited by 60 to 70% ( Table 2 ), indicating that the reduced infectivity of the viruses in OG-treated cells might be due to a decreased ability of the virus particles to bind to the cell surface.
The OG extract inhibits rotavirus infection. Since treatment of MA104 cells with OG diminished the ability of the viruses to attach to and thus to infect cells, it is likely that the detergent was extracting cell surface molecules involved in the initial interaction of rotaviruses with the cell, possibly the rotavirus receptor(s). If this were the case, the molecule(s) present in the OG extract could interact with the virus in solution, preventing the binding of the virus to the cell membrane and thus blocking its infectivity. We found that incubation of the OG extract with either of the three rotavirus strains did block their infectivity in a concentration-dependent manner (Fig. 1B) . At the maximum concentration tested, 400 g of protein per ml, the infectivity of the viruses was inhibited by about 95%; 50% inhibition was achieved at about 40 g of protein per ml. In contrast, the infectivity of poliovirus and reovirus was not affected by the extract (Fig. 1B) . These results strongly suggest a specific interaction of the viruses with the OG-solubilized cell surface molecules. Preincubation of the viruses with a solution of 0.2% OG did not affect their infectivity. The infectivity in the presence of OG was taken as the 100% value for each virus.
The inhibition of rotavirus infectivity caused by the OG extract seems to be due to a blockage in cell attachment since preincubation of the viruses with 20 g of the OG-extracted protein per ml decreased RRV binding to the cell by 40%, nar3 binding by 41%, and Wa binding by 43% (Table 3 ). These percentages are in close agreement with the degree of inhibition of infectivity achieved with this concentration of extract (Fig. 1B) .
The inhibitory capacity of OG extracts obtained from BHK, CHO, and L cells, which are about 1,000-fold less susceptible to rotavirus infection than MA104 cells, was determined. As can be seen in Fig. 2 , the OG extracts from the three poorly permissive cells showed some inhibitory activity, although in all cases this activity was less pronounced than that observed with the extract from MA104 cells.
Biochemical nature of the inhibitory component present in the MA104 OG cell extract. To determine the biochemical nature of the inhibitory component present in the OG cell extract, we tested the effect of heat inactivation, neuraminidase, and proteolytic treatment on the inhibitory activity of the extract. We found that either boiling for 15 min or treatment with trypsin completely abolished the inhibitory activity while treatment with neuraminidase had no effect on the blocking capacity of the extract (Fig. 3) . These results indicate that the inhibitory component of the extract is a protein.
The profile of proteins extracted with OG is shown in Fig.  4A , lane 5. Treatment with tunicamycin, PDMP, or neuramin- a MA104 cell monolayers were incubated with the indicated concentration of inhibitor for 1 h (␤-cyclodextrin), 24 h (tunicamycin), or 72 h (PDMP) at 37°C or for 90 min (OG) at room temperature before the assay.
b SE, one standard error of the mean of at least three independent experiments carried out in duplicate.
FIG. 1. (A)
Recovery of the susceptibility of MA104 cells to rotavirus infection after extraction with OG. Cell monolayers in 96-well plates were extracted with 0.2% OG and allowed to recover in MEM at 37°C. At the indicated times, the monolayers were washed with PBS and infected with rotaviruses. (B) Inhibition of rotavirus infectivity by the OG extract from MA104 cells. The indicated concentrations of OG-extracted protein were incubated with the viruses for 90 min at 37°C. The virus-protein mixtures were used to infect MA104 cell monolayers in 96-well plates. In both panels, the percent infectivity is relative to the infectivity of the viruses incubated in 0.2% OG. Error bars represent 1 standard error of the mean of three or more experiments carried out in duplicate.
idase modifies this profile (lanes 2 to 4), reflecting the modification in the carbohydrate content of glycoproteins caused by tunicamycin and neuraminidase. In the case of PDMP, this result suggests that the impaired synthesis of glycolipids alters either the transport of proteins to the plasma membrane or their extractability from the cell surface by OG. In this regard, it is of interest that the OG extract from PDMP-treated cells failed to block rotavirus infectivity (data not shown), suggesting that the inhibitory proteins could not be extracted from these cells.
Cholesterol depletion of MA104 cells inhibits rotavirus infectivity. It has been proposed that glycosphingolipids, cholesterol, and proteins can interact specifically in cell membranes to form microdomains termed rafts (46) . Given the involvement of glycolipids and N-glycosylated proteins on rotavirus infectivity, we tested if depletion of the cell cholesterol would have any effect on virus infectivity. To do this, we incubated the cells with 10 mM ␤-cyclodextrin for 1 h at 37°C; this treatment has been shown to selectively extract cholesterol from the plasma membrane in preference to other membrane lipids (28) . Under these conditions, about two-thirds (65%) of the cell cholesterol was removed (see Materials and Methods). The treatment of cells with ␤-cyclodextrin inhibited the infectivity of RRV, nar3, and Wa rotavirus strains by more than 90% but had no effect on the infectivity of reovirus and poliovirus (Table 1) . It is noteworthy that the binding of the three rotavirus strains was not affected ( Table 2 a Rotaviruses were incubated with the indicated concentration of OG-extracted proteins for 90 min at 37°C. The virus-OG extract mixture was then added to MA104 cells in suspension, and the assay was performed as described in Materials and Methods. The blocking activity of the hyperimmune sera to the 75-kDa protein fractions was assayed by preincubating the MA104 cells with a 1:5 dilution of the preimmune or hyperimmune sera for 1 h at 4°C. After the cells were washed, the viruses were added and the assay was carried out as described in Materials and Methods.
b SE, one standard error of the mean of at least three independent experiments carried out in duplicate. decrease in the cholesterol content of the cell affects virus infectivity at a postattachment step.
The protein profile of cells treated with ␤-cyclodextrin was not very different from that of untreated cells (Fig. 4B, lanes 1  and 2) , even though this antibiotic extracted a small amount of protein from the cells (lane 3).
To demonstrate that the depletion of cholesterol was the cause of the reduction of virus infectivity after the ␤-cyclodextrin treatment, cells in 96-well plates were washed twice with MEM, and then either MEM alone, MEM-7% FBS, or MEM-7% FBS containing 0.1 mM cholesterol was added for different times. At the end of the incubation period, the cells were washed twice and infected with rotaviruses. At 8 h posttreatment, the cells incubated in the presence of cholesterol had fully recovered their susceptibility to rotaviruses while the cells incubated with MEM alone or MEM-7% FBS were still about 80 and 50% refractory to rotavirus infection, respectively (data not shown).
Fractionation of the inhibitory components present in the OG extract from MA104 cells. To characterize the proteins that block rotavirus infection, we fractionated the OG extract obtained from MA104 cells by preparative SDS-polyacrylamide gel electrophoresis. After the gel electrophoresis, slices of a single-lane gel were cutout, and the proteins were eluted in PBS, concentrated by precipitation with acetone, and resuspended in PBS with 1 mM ␤-mercaptoethanol. This method has been successful for recovering proteins with enzymatic activity (20, 48) . The proteins obtained from the different fractions (Fig. 5B) were tested for their ability to block rotavirus infection. Proteins eluted from two well-defined regions of the gel, around 57-and 75 kDa, had the ability to efficiently inhibit the infectivity of all three rotaviruses tested (Fig. 5A) . The pattern of inhibition observed in Fig. 5A was found to be consistent in independent gel fractionation experiments.
Antibodies to the OG extract protein fractions inhibit rotavirus infection. Protein fractions 6 and 10 in Fig. 5A , which represent the peak of inhibitory activity, were used to immunize rabbits. The hyperimmune sera obtained against these two fractions were found to block the infectivity of all three strains of rotavirus when preincubated with the cells for 90 min at 37°C prior to addition of the virus, while the preimmune sera had no effect (shown for the serum to the 75-kDa protein fraction in Fig. 6A ). The inhibitory effect of the two antisera was not additive since a mixture of the two inhibited rotavirus infectivity by about 70% at a dilution of 1/100 (data not shown). Of interest, both sera blocked the infectivity of HRV Wa and that of the SA-independent variant nar3 in cells treated with neuraminidase (shown for the serum to the 75-kDa fraction in Fig. 6B ), suggesting that they contain antibodies to an SA-independent rotavirus receptor. In a binding inhibition assay, the serum to the 75-kDa fraction did not inhibit the attachment of rotavirus RRV to MA104 cells but inhibited 32% of the binding of nar3 and 72% of that of Wa (Table 3) . The blocking specificity of these antisera was confirmed by the following assays: they did not recognize any of the three viruses by enzyme-linked immunosorbent assay, and they did not inhibit the hemagglutination activity of RRV and nar3. Furthermore, the sera were shown not to inhibit the infectivity of poliovirus or that of reovirus in an FFU reduction assay as described in Materials and Methods for rotavirus (data not shown).
By Western blotting, the sera to the 75-kDa fraction recognized a protein of about 73 kDa and, to a lesser extent, a protein of about 57 kDa in the 0.2% OG cell extract (Fig. 6C,  lane 3) . Of interest, the serum to the 57-kDa protein fraction also recognized proteins of 73 and 57 kDa, although the latter protein was recognized more efficiently by this serum (lane 4). The preimmune sera did not recognize any of these proteins (lanes 1 and 2) .
The hyperimmune sera were shown to recognize proteins on the surface of the MA104 cells, as judged by their reactivity with nonpermeabilized cells by flow cytometry (data not shown) and by indirect immunofluorescence (shown for the anti-75-kDa serum in Fig. 7) . The pattern of immunofluorescence (for both anti-57-and anti-75-kDa sera) was patchy over the surface of the cell, but there was a higher concentration of the fluorescent signal on the intercellular junctions (Fig. 7A) . In permeabilized cells, a weak signal associated mainly with the nuclei was found (Fig. 7B) . No fluorescent signal was detected when the preimmune sera were used to stain either permeabilized or nonpermeabilized cells (Fig. 7C and D) .
Purification of the cellular proteins which block rotavirus infectivity. The proteins with rotavirus blocking activity were purified by SDS-polyacrylamide gel electrophoresis from an OG extract obtained from MA104 cells. After three rounds of purification by gel electrophoresis, using the inhibitory activity of the proteins as marker, we were able to isolate five bands (Fig. 8) which were able to inhibit the infectivity of all three rotavirus strains tested. Although these proteins consistently inhibited rotavirus infectivity through the rounds of purification carried out, the final amount of protein recovered was small, which prevented us from determining the precise specific inhibitory activity for each protein and testing if they were recognized by the hyperimmune sera. Table 4 shows the results of a blocking infectivity assay with the purified proteins; in this blocking assay, the same amount of protein shown in the gel in Fig. 8 was used. The relative inhibitory activity of each protein for all three viruses was found to be 75 kDa Ͼ 110 kDa Ͼ 45 kDa ϭ 30 kDa Ͼ 57 kDa. Given the fractionation method employed, it is quite possible that each of these bands may represent more than one protein species.
DISCUSSION
The entry of rotaviruses into MA104 cells seems to be a multistep process involving interactions of the virus surface protein VP4 and maybe of VP7 with more than one cell surface site present in either the same or a different cellular structure(s) (11, 41) .
In the present study we employed two approaches to characterize the biochemical nature of the rotavirus receptor(s). In the first approach we used metabolic inhibitors of glycosylation and synthesis of glycolipids to study their effect on the infectivity of three different rotavirus strains. We found that tunicamycin, an inhibitor of protein N glycosylation, diminished the infectivity of rotaviruses RRV and nar3 despite their differential dependence on SA for infectivity, implying that these viruses interact with N-linked glycoproteins at some point during cell entry. The fact that the treatment of cells with this drug did not affect the binding of the viruses suggests that the blockage occurs after the initial attachment of the virion to the cell surface. Tunicamycin has been successfully used to specifically analyze the role of N-glycans as receptors for several viruses (7, 28, 43, 44) .
Treatment of MA104 cells with PDMP, an inhibitor of glycolipid biosynthesis, resulted in the more pronounced inhibition of infectivity observed for all three rotavirus strains ( Table  1) . Interaction of rotaviruses with gangliosides GM1 and GM3 has been reported (47, 52) , and this interaction has been shown to be SA dependent. In this case, however, the inhibition caused by PDMP seems not to be the result of a deficient attachment of the SA-dependent rotavirus RRV to the cell surface since it was not significantly affected (Table 2 ). This observation suggests that RRV does not interact, or at least does not interact exclusively, with the SA present on PDMPsensitive gangliosides. On the other hand, the binding of the SA-independent variant nar3 was decreased in PDMP-treated cells, suggesting that either glycosphingolipids or, more probably, a protein whose correct transport or conformation depends on their presence might be used by nar3 to attach to the cell. Of interest, the binding of the HRV strain Wa was not affected by PDMP, in agreement with the suggestion that nar3 and Wa, despite having an infectivity resistant to neuraminidase treatment of cells, bind to different cell surface sites (41) . Finally, the fact that PDMP, but not tunicamycin, affected the attachment of nar3 suggests that the inhibition caused by the N-glycosylation inhibitor is not due to its reported ability to inhibit ganglioside biosynthesis (50, 58) .
In addition to the involvement of N-glycosylated proteins and glycolipids in rotavirus entry, we found that cholesterol depletion inhibited the infectivity of rotaviruses by more than 90% (Table 1) . These findings are of interest with regard to the recent description of functional lipid microdomains, or rafts, in the cell membrane (51) . These rafts have been proposed to be composed of cholesterol, glycosphingolipids (gangliosides among others), and a specific set of associated proteins. They are thought to function as specialized platforms for apical cell sorting of proteins and signal transduction. For some proteins which form part of these lipid microdomains (oxytocin receptor, placental alkaline phosphatase, gD1 decay-accelerating factor), the disassembly of the rafts by cholesterol depletion disrupts or modifies the receptor activity, even though the receptor might be present in the same abundance on the cell membrane (21, 29) . In this regard, the finding that the attachment of RRV, nar3, and Wa to cholesterol-depleted cells is not affected while their infectivity is severely impaired is consistent with the possibility that the rotavirus receptor(s) might be forming part of some of these lipid microdomains. It is tempting to hypothesize that in cholesterol-depleted cells, the receptor(s) retains its ability to bind rotavirus particles but in order to fully promote virus entry it must be organized in a lipid microdomain. In addition, the fact that the OG extract from PDMP-treated cells failed to show inhibitory activity suggests that PDMP treatment may have disrupted the lipid raft organization such than one or more of the active proteins in Fig. 8 never became associated with or localized within these membrane microdomains and as result are not extracted with OG. Experiments are under way to test this hypothesis.
The infectivity of the two nonenveloped viruses that were Table 4 ) were analyzed in an 11% polyacrylamide gel under reducing conditions. The protein bands were detected by silver staining. 110  2  50  51  38  75  1  41  17  29  57  5  62  50  68  45  10  55  23  31  30  15  44  25  23 a The amount of each protein incubated with the rotavirus strains is the same as that shown in the gel of Fig. 8 . The 75-kDa band was the least abundant and was set at 1 (about 10 ng) in relative terms. The concentration of this protein during the infectivity assay was about 100 ng/ml.
b The infectivity-blocking assay was carried out only once due to the small amount of material available. used as controls, poliovirus and reovirus, was not inhibited by the described drugs, showing that the effect observed on the infectivity of rotaviruses was specific. The human poliovirus receptor is an integral membrane protein with the conserved amino acids and domain structure characteristic of members of the immunoglobulin superfamily (31, 38) . The nature of the reovirus receptor is less well defined; most of the available evidence suggest that reovirus binds to multiple sialoglycoproteins rather to a single homogeneous species on the cell surface (8, 18, 42) .
In a second approach to characterize the rotavirus receptor, MA104 cells were incubated with a solution of 0.2% OG. It has been shown that at low concentrations, like the one used in this work, OG is able to extract proteins from the cell surface without impairing the viability of the cells (see Results) (23, 36) . This nonionic detergent has been useful in experiments to obtain the receptors for Semliki Forest virus, parvovirus, vesicular stomatitis virus, polyomavirus, simian virus 40, and rabies virus from intact cell monolayers (2, 10, 23, 36, 49, 55) . MA104 cells extracted with OG lost their ability to bind rotaviruses by about the same extent (60%) to which they became refractory to infection, suggesting that OG extracts from the cell surface the receptor molecules needed by all three strains of rotavirus to attach to and thus infect the cell. In agreement with this finding is the fact that the OG extract, when preincubated with these viruses, inhibited both their binding to and infection of MA104 cells. This suggests that the putative OGsolubilized cell receptors are able to interact with the viruses in solution. The inhibitory activity of the OG extract was lost by treatment with proteases and heat but not by treatment with neuraminidase, indicating that the active component is a protein.
To test for a correlation between the susceptibility of the cell line and the ability of the OG extract to inhibit rotavirus infection, we obtained OG extracts from BHK, CHO, and L cells, which are about 1,000-fold less susceptible to rotavirus infection than are MA104 cells. The extracts from these three cell lines inhibited the infectivity of rotaviruses to different degrees but in general to a lesser extent than that achieved with the MA104 cell extract (Fig. 2) . As suggested in this work and by others (11, 41) , these results might be explained if more than one cell surface molecule were implicated in rotavirus infection, which would make possible the absence of one of the receptor molecules in the less susceptible cell lines while other surface components, which could be extracted with OG and block rotavirus infectivity, would still be present.
Two protein fractions with blocking activity for rotavirus infectivity were obtained by gel fractionation of the OG extract of the MA104 cells. The hyperimmune sera prepared against these two fractions were shown to react primarily with two polypeptides of 73 and 57 kDa. Although it is not possible to be certain if the more immunogenic proteins are the active inhibitory components of the extract, it seems at least that the inhibitory antibodies present in both hyperimmune sera recognize the same cell surface molecule or different molecules in a protein complex since the blocking efficiency of the individual sera was not additive and since the cell surface recognition patterns obtained with the two antisera were strikingly similar.
Five individual protein bands with inhibitory activity for rotavirus infectivity were isolated from the OG extract. These proteins need to be assayed to test the specificity of their inhibitory activity and to investigate if they are somehow related to each other. However, the fact that all of these proteins block the infectivity of RRV, nar3, and Wa rotaviruses suggest that at least one of them, or a complex formed by more than one, could be a common cellular receptor for rotaviruses. The determination of the identity of these proteins should help to define the cell surface molecules involved in the interactions that seem to occur between rotaviruses and the cell surface during infection.
As a working hypothesis, we propose that the rotavirus receptor is likely to be a complex of several cell components including gangliosides, N-linked glycoproteins, and probably other proteins which might all associate in lipid rafts and need the lipid microdomain organization to function efficiently in the binding and internalization of rotavirus particles. The protein components of this proposed complex could include the integrin molecules that have been reported recently (11, 24) .
